patterns of foliage (Kenefic and Seymour, 1999) , as already shown in different studies for various tree species (e.g. Waring et al., 1982; Wang et al., 1990; Bartelink, 1997; Monserud and Marshall, 1999; Porté et al., 2000; Medhurst and Beadle, 2002) .
Scots pine (Pinus sylvestris L.) is the most widely distributed pine species and one of the most important timber species in Eurasia (Stanners and Bourdeau, 1995; Oleksyn et al., 2002) . The species has a high commercial and ecological value, and Scots pine forests cover 24 per cent of the total forested area in Europe (75 million km 2 ; Stanners and Bourdeau, 1995) . Needle area and crown characteristics have been estimated for this species using allometric relationships at the tree and stand levels (Whitehead, 1978; Kellomäki et al., 1980 Kellomäki et al., , 1986 Kellomäki and Oker-Blom, 1981; Albrektson, 1984; van Hees and Bartelink, 1993; Berninger and Nikinmaa, 1994) . However, a complete and detailed study of needle area from the branch to the tree level, of specific leaf area (SLA) for different needle age classes and of the vertical distribution has seldom been made for young Scots pines.
The primary objective of this study was to develop allometric equations for predicting needle area of different needle age classes for young Scots pines. These relationships can provide data for related ecological or ecophysiological research, or can be applied in forest management and modelling. Our allometric relationships to determine needle area focus on the branch and tree levels. The second objective was to compare and analyse the differences in SLA and vertical distribution of needle area over different needle age classes for young Scots pine trees.
Materials and methods

Plant material
The study was conducted on 10-year-old Scots pine (Pinus sylvestris L.) trees at the campus of the University of Antwerpen (UA, Wilrijk, Belgium). In March 1996, 3-year-old, pot-grown, dormant Scots pine seedlings of one particular Belgian provenance (south from the Samber and Maas rivers), were planted in soil. Planting density was 67 trees 100 m -2 . In mid-July 2002, all trees were measured for stem diameter at breast height (DBH), diameter at the crown base and tree height using a digital calliper (type CD-15DC; Mitutoyo, UK) and a long stick scaled with a tape measure, respectively. Eight trees of different DBH, representative for the mean of their diameter classes and covering a range of heights and canopy positions, were selected for the needle area study performed from late July to early August 2002. The characteristics of the eight trees are shown in Table 1 . The trees were 370 FORESTRY selected as follows: first, the overall diameter (DBH) frequency distribution of all trees was established, and the mean DBH was calculated. Afterwards, we selected individual trees whose DBH was from different parts of the diameter frequency distribution and closest to the overall mean of all trees.
Measurements and data collection
The eight selected trees were harvested, and the needles and branches separated from the main stem. For each sampled tree, stem diameter at the tree base, at the base of the crown and at breast height (DBH) were measured. Also, height from the ground to the base of the crown, to each whorl and to the top of the tree was measured. The number of living whorls was recorded, whereby whorl position (WP) = 1 was defined as the first living whorl from the top of the crown, ranging down until WP = 7 close to ground level. A living whorl was defined as a whorl with at least one life branch. For each whorl, the number of branches was counted, the diameter of each branch at 2 cm from the stem (BD) and the branch length (BL) of each whorl were measured. The fresh weight of the entire crown (needles plus branches) was determined for each sample tree. One to four branches of different BD were randomly sampled from each whorl of each sample tree, i.e. a total of 115 branches chosen from the eight sample trees. Each sample branch was labelled and transferred to the laboratory for detailed needle analysis. All needles were subsequently removed and separated into current-year needles, 1-year-old needles and 2-year-old needles.
Needle surface area of a randomly selected sub-sample of five needle pairs of the three needle age classes per whorl was calculated from needle length and needle diameter. The latter was measured with a digital calliper (type CD-15DC; Mitutoyo), assuming that an individual needle has the form of a hemi-cylinder (Kellomäki and Oker-Blom, 1981; Jach and Ceulemans, 1999) . A total of 240 current-year needle pairs, 200 1-year-old needle pairs and 160 2-year-old needle pairs were subsampled on a total of eight trees. Subsequently, fresh and dry mass (after drying in a convection oven at 75°C for 3 days and weighed to the nearest 0.01 mg) of each of these five needle pairs of each whorl were determined. Projected needle surface was converted to total needle area by dividing by 2.88 (Mencuccini and Bonosi, 2001) . Specific leaf area (SLA; projected needle area per unit of dry mass; cm 2 g -1 ) was calculated for each sampled needle pair. SLA of each of the three needle age classes per whorl was separately calculated as the average of the SLA of the five needle pairs. Similarly, SLA of the three needle age classes per tree was also separately calculated. Total fresh mass of the three age classes of all needles was measured for each branch separately, after which the needles were dried at 75°C for 3 days. Total projected needle area of the three needle age classes per sample branch was calculated by multiplying needle dry mass of the branch by the average SLA of the respective whorl.
Sapwood area was determined for two stem discs, one at 1.3 m (SA bh ) and one at crown base (SA cb ) for each sample tree, using phloroglucinol to mark the boundary of sapwood and heartwood (van Hees and Bartelink, 1993) . However, heartwood was never observed on any of the two stem discs per sample tree.
Statistical analyses
Branch and whorl level equations A general non-linear allometric equation of the form:
was used for predicting branch projected needle area (BPNA), where Y is the variable of BNPA, X i are the variables of branch characteristics, b i are the parameters of the equation, ε is a random error distributed as N (0, σ 2 ). We developed and compared these non-linear equations using the characteristics of branch diameter (BD), branch length (BL) and whorl position (WP), to identify an equation suitable for predicting BPNA of different needle age classes from these simple morphological branch characteristics. Examination of the residuals showed a strong heteroscedastic trend, and therefore the equations were weighted by a particular form of the weighting function (BD -2 ) to correct for heteroskedasticity (Neter et al., 1996) . The selection criterion for the optimal equation was the adjusted multiple coefficient of determination (R 2 adj) (Neter et al., 1996) . At the whorl level, average SLA of different needle age classes of the same whorl was analysed using the general linear equation formulation across whorl positions for each sample tree.
The whorl-level projected needle area of different needle age classes per sample tree was separately calculated for each whorl by using the suitable branch level equations and summing the predicted BPNA values of different needle age classes. Average projected needle area of different needle age classes per whorl for each sample tree was separately transformed into a relative proportion, i.e. the percentage of projected needle area per whorl to total projected needle area per sample tree. A general logistic equation of the form
was used to describe the cumulative distribution of the projected needle area (PNA) of the different needle age classes over different whorl positions, where Y is the variable of PNA, X is the variable of whorl position, a, b, c, m and t are the parameters of the equation, ε is a random error distributed as N (0, σ 2 ). Parameters b, m and t can be interpreted as follows (van Hees and Bartelink, 1993) : m gives the location of the inflexion point, or the mode of distribution of the needle area; b is the slope parameter and determines the rate of increase or decrease of needle area with increasing whorl position; t is a powerlaw parameter indicating the type of distribution (right skewed, symmetric, left skewed). Thus, the first-order derivative of equation (2) 
was used to predict the relative proportion of average PNA (percentage) of different needle age classes for each whorl position. Since examination of the residuals showed a strong heteroscedastic trend, the equations were weighted using the WP -2 function.
Tree level equation
Tree-level projected needle area (TPNA) of different needle age classes was separately calculated for each sample tree by using the appropriate branch-level equations and by subsequently adding the predicted BPNA values of all needle age classes. The non-linear equation (1) was also appropriate for predicting TPNA of different needle age classes using the tree characteristics DBH, tree height (H) and crown length (CL). Crown length is defined as the distance from the top of the tree to the base of the crown. Since the examination of the residuals showed a strong heteroscedastic trend, equations were weighted using the function DBH -2 . TPNA of different needle age classes was analysed using the general linear equation formulation across sapwood area at breast height (SA bh ) and at crown base (SA cb ). The adjusted multiple coefficient of determination (R 2 adj) was used as the criterion for the selection of the best equation.
All statistical analyses were conducted with STATISTICA/W.5 (StatSoft, Tulsa, OK). Significance was evaluated at the P ≤ 0.05 and 0.01 probability levels. For the non-linear models, asymptotic standard errors were used to evaluate the significance of each parameter. Only equations and parameters with significant levels (P ≤ 0.05) were considered. R 2 adj and root of mean squared error (RMSE) were calculated for all linear and non-linear equations, while R 2 adj was also tested for significance.
Results
Estimation of projected needle area at branch level
Different equations were established, using branch diameter (BD), branch length (BL) and whorl position (WP), to predict branch projected needle area (BPNA) of different needle age classes and all needles together (Table 2) . Separately, all relationships of BPNA with BD, of BPNA with BD and BL, and of BPNA with BD, BL and WP were highly significant (P ≤ 0.001) for different needle age classes as well as all needles together. The relationship of BPNA with BD, BL and WP was selected as the best equation based on the R 2 adj values to predict BPNA for all needles together and for current-year needles. The relationship of BPNA with BD and BL was selected for 1-year-old needles and for 2-year-old needles. 
Vertical profile of specific leaf area
The mean specific leaf area (SLA) was 50.11 cm 2 g -1 (Table 1) . SLA varied significantly with whorl position (Figure 1 ) and there was a significant linear correlation between SLA and whorl position for all needle age classes (P ≤ 0.01, Figure 1 and Table 3 ). SLA of the three needle age classes increased with increasing whorl position, and SLA decreased with needle ageing (Figure 1 and Table 3 ).
Vertical distribution of projected needle area
Vertical distributions of projected needle area of current-year needles, of 1-year-old needles, and of all needles together were successfully fitted by a general logistic equation (P ≤ 0.01, Figure 2 and Table 4 ). However, for 2-year-old needles, parameter t was not significant due to a low t ratio. So, we tried fixing parameter c and found that all other parameters and the R 2 adj were highly significant when parameter c was 1.2 (Table 4) . The projected needle area of all needle age classes, and of all needles together, were mainly distributed in the whorl positions 3-5. However, the vertical distribution pattern of all needles together and of the current-year needles was almost symmetric, while that of the 1-year-old and of 2-year-old needles was vertically skewed downward ( Figure 2 ).
Scaling-up to projected needle area at tree level
Different equations were established using DBH, tree height (H) and crown length (CL) to predict The variable X is whorl position (WP). SE = standard error; R 2 adj = adjusted multiple coefficient of determination; RMSE = root mean squared error. Significance levels: ** P ≤ 0.01, *** P ≤ 0.001. Degrees of freedom (d.f.) were (1,6) for current-year needles, (1,5) for 1-year-old needles and (1,4) for 2-year-old needles, respectively. Table 5 . Whorl position 1 corresponds to the op of the tree, whorl position 7 to the bottom of the tree.
tree projected needle area (TPNA) of different needle age classes and of all needles together (Table 5) . Separately, all relationships of TPNA with DBH, of TPNA with DBH and H, and of TPNA with DBH, H and CL were highly significant (P ≤ 0.001) for different needle age classes as well as for all needles together. The relationships of TPNA with DBH, H and CL were selected based on the R 2 adj values to predict TPNA for different needle age classes.
Needle area-sapwood area relationship
Linear relationships between TPNA of different needle age classes and of all needles together with sapwood area were assessed using both sapwood area at breast height (SA bh ) and at crown base (SA cb ) ( Figure 3 and Table 6 ). The relationships of the different needle age classes and of all needles together were highly significant (P ≤ 0.001), and were stronger at the crown base than at breast height (Table 6 ). The mean ratio of TPNA to SA bh (0.431) was higher than that of TPNA to SA cb (0.362; see Table 6 ).
Discussion
Branch foliage area was largely correlated with branch diameter, branch length and position in the crown (Monserud and Marshall, 1999; Porté et al., 2000; Ishii and Wilson, 2001) . In this study, branch diameter, branch length and whorl position were highly significant determinants of projected needle area. However, whorl position played no significant role in predicting projected needle area of 1-year-old or 2-year-old needles. Branch projected needle area increased with increasing branch diameter and branch length for different needle age classes as well as for all needles together. However, it decreased with increasing crown depth given a fixed branch diameter and branch length for current-year needles and for all needles together, but not for 1-or 2-year-old needles. A possible reason for this is that the effect of the restricted light availability on current-year needle growth increased with increasing crown depth. The mean SLA of 50.11 cm 2 g -1 was within the range reported for Scots pine in other stands in Europe (ranging from 29 to 55 cm 2 g -1 ; Mencuccini and Bonosi, 2001) . SLA decreased and the degree of decrease was weak with needle age. The possible reason for this is that Scots pine needles tend to increase in dry weight after full expansion, and that the degree of increase is weak with needle age. Another possible reason is that the oldest needles loose material at the end of their lifespan so that the decrease in SLA was weak. However, a more detailed physiological approach is required to explain further the observed changes in SLA with needle age. Other coniferous species also showed similar age effects on SLA (Shelton and Switzer, 1984; Johnson et al., 1985; Beets and Lane, 1987; Wang et al., 1990) . SLA increased with increasing crown depth because light intensity decreased with increasing crown depth. Similar findings were reported for various tree species (Kellomäki and Oker-Blom, 1981; Hager and Sterba, 1985; Monserud and Marshall, 1999; Eckmüllner and Sterba, 2000) . Table 4 . Whorl position 1 corresponds to the top of the tree, whorl position 7 to the bottom of the tree.
Downloaded from https://academic.oup.com/forestry/article-abstract/77/5/369/664581 by guest on 06 December 2018 (Kellomäki and Oker-Blom, 1981; Hager and Sterba, 1985; van Hees and Bartelink, 1993; Monserud and Marshall, 1999; Eckmüllner and Sterba, 2000) . The pattern of foliage distribution could strongly influence within-crown light regimes and physiological processes, such as photosynthesis (Brix, 1981; Rook et al., 1985; Kellomäki et al., 1986; Xu and Harrington, 1998) . In this study, the general logistic equation revealed that the projected needle area of all needles together showed an almost normal vertical distribution for young Scots pine trees. This is in contrast with the vertical upward skewed distribution of projected needle area for 9-year-old Scots pines shown by van Hees and Table 6 . Bartelink (1993) . The main contribution to the normal distribution in this study comes from the 1-year-old projected needle area. However, the 2-year-old projected needle area contained a low proportion of the total needle area and showed an obviously left-skewed distribution. This means that relatively more needle area was distributed at the top of the tree crown. At the whole-tree level, the relationship of leaf area-sapwood area documented in the literature was either linear (e.g. Waring et al., 1977; Marchand, 1984; Whitehead et al., 1984; Espinosa-Bancalari et al., 1987; Coyea and Margolis, 1992; Penner and Deblonde, 1996) or non-linear (Dean and Long, 1986; Medhurst and Beadle, 2002) . In this study, the relationships between projected needle area and sapwood area were found to differ for different needle age classes, reflecting that sapwood area predicted the projected needle area very well. The relationships were linear, indicating a constant ratio of projected needle area to sapwood area, and the relationship was stronger at crown base as compared with at breast height. This result supported the pipe model theory (Waring et al., 1982) and indicates that sapwood area at crown base was more closely related to needle area and to water requirements of the crown (Waring et al., 1982; Espinosa-Bancalari et al., 1987; Maguire and Hann, 1989; Robichaud and Methven, 1992; Medhurst and Beadle, 2002) . Our ratio of total projected needle area : sapwood area at crown base was 0.362 m 2 cm -2 , slightly higher than the range reported for Scots pine in different stands (0.154-0.306 m 2 cm -2 ; Mencuccini and Bonosi, 2001), possibly because younger Scots pine trees presented a slightly larger crown foliage area. Similar results were reported for maritime pine (Porté et al., 2000) .
Sapwood area is a preferred predictor of leaf/needle area at an individual tree level based on the close biological relationship between the The variable X is SA bh , sapwood area (cm 2 ) at breast height, and SA cb , sapwood area (cm 2 ) at crown base, respectively. SE = standard error; R 2 adj = adjusted multiple coefficient of determination; RMSE = root mean squared error. Significance level: * P ≤ 0.05, *** P ≤ 0.001. NS = not significant due to a low t ratio so that it is omitted and the new regression is rerun without it.
conducting xylem and the foliage it supports (Kenefic and Seymour, 1999) . However, it is seldom used to predict leaf/needle area or biomass at a stand level because of the difficulties in identifying the sapwood and of management manipulations of the stand. Therefore, non-destructive predictors to estimate needle area in stands are very important and can be very useful (Kenefic and Seymour, 1999) . In the past, non-destructive predictors as DBH, tree height and crown length had been used to predict whole-tree foliage area (Loomis et al., 1966; Baldwin et al., 1997; Monserud and Marshall, 1999) . However, these studies rarely predicted the foliage area of different leaf age classes. In this study, DBH, tree height and crown length were successfully used to estimate projected needle area of different needle age classes and of all needles together for young Scots pine trees. These findings suggest that the advances made in the understanding of growth dynamics through assessment of needle area can be implemented via tree size and crown characteristics. For the quantification of tree needle area in the field, DBH is a reliable, adequate and easy to measure scalar, as has already been reported for needle biomass in older trees (Wirth et al., 2002; Xiao et al., 2003) .
In conclusion, the results of this study showed that there were obvious differences in specific leaf area and total needle area among different needle age classes for young Scots pine trees. Our allometric equations predicted very well needle area of different needle age classes at the branch and tree levels for Scots pine, although the potential use of these relationships might be restricted to young trees at the specific location of the Belgian Campine region.
